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[11 The Moderate-Resolution Imaging Spectroradiometer (MODIS) instrument onboard
the Earth Observing System (EOS) satellites provides an unprecedented opportunity to
study aerosols from space with high accuracy and on a nearly global scale. However,
difficulty with highly reflective arid and snow-covered lands introduces significant gaps in
global or regional coverage that must be filled by some other means. This study provides a
complete global coverage of an annual cycle of aerosol optical depth by combining the
MODIS retrievals and Georgia Tech/Goddard Global Ozone Chemistry Aerosol Radiation
and Transport (GOCART) simulations weighted with the uncertainties in each product.
The assimilated aerosol optical depths over land are better correlated with the ground-
based Aerosol Robotic Network (AERONET) measurements than are either the MODIS
retrievals or the GOCART simulations alone. The gaps in the MODIS retrievals are filled
with values that are generally consistent with the AERONET aerosol climatology. The
assimilated aerosol optical depths are in good agreement with the Advanced Very High
Resolution Radiometer (AVHRR) aerosol climatology over the Atlantic and North Indian
Oceans. In spring, large discrepancies between the MODIS retrievals in 2001 and the
AVHRR climatology over the North Pacific are likely a result of extremely active
transcontinental transport of Asian dust/pollutants to North America in the year 2001.
Large model—satellite differences in the South Pacific and South Indian Oceans may be
attributable to missing or underestimated sources in the model and/or cloud, whitecap, and
glint contamination in satellite retrievals.  INDEX TERMS: 0305 Atmospheric Composition and
Structure: Aerosols and particles (0345, 4801); 0345 Atmospheric Composition and Structure: Pollution—
urban and regional (0305); 0365 Atmospheric Composition and Structure: Troposphere—composition and
chemistry; 1640 Global Change: Remote sensing; 3337 Meteorology and Atmospheric Dynamics: Numerical
modeling and data assimilation
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1. Introduction

[2] Tropospheric aerosols have a variety of natural and
anthropogenic sources. They are relatively short-lived in the
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atmosphere, with an average residence time of a few days,
and are heterogeneous in space and time. They modify
radiative fluxes directly by scattering and absorption [Boh-
ren and Huffman, 1983; Coakley et al., 1983] and indirectly
by acting as cloud condensation nuclei and by changing
cloud properties [Twomey, 1977; Albrecht, 1989; Rosenfeld,
1999, 2000]. Their effects on temperature, hence atmos-
pheric stability, further influence clouds and so feedback on
the radiation [Hansen et al., 1997; Ackerman et al., 2000].
Consequently, they influence land—air interactions and the
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atmospheric boundary layer [Yu et al., 2002]. They affect
global surface air temperatures [Charlson et al., 1992;
Penner et al., 1992; Kiehl and Briegleb, 1993; Hansen et
al., 1997; Ramanathan et al., 2001], photochemistry [Dick-
erson et al., 1997], and ecosystems [Chameides et al.,
1999].

[3] It remains difficult to characterize the large spatial and
temporal variations of aerosol properties and hence to
estimate their radiative forcing [Haywood and Boucher,
2000], and so integrated research is required with multiple
platforms and techniques (e.g., ground-based networks,
aircraft, ship, satellite remote sensing, and computer mod-
eling) [Penner et al., 1994; Heintzenberg et al., 1996;
Kaufman et al., 2002]. Past aerosol retrievals have used
the satellite data from operational sensors, e.g., Advanced
Very High Resolution Radiometer (AVHRR) and Total
Ozone Mapping Spectrometer (TOMS), among others, that
were not originally designed for aerosol research. However,
they have provided multidecadal climatology that signifi-
cantly advanced the understanding of aerosol distributions.
The newly launched NASA Earth Observing System (EOS)
satellite Terra and its successor Aqua carry a sensor
designed specifically for aerosol remote sensing, namely
the Moderate-Resolution Imaging Spectroradiometer
(MODIS), a 36-band well-calibrated spectroradiometer with
moderate spatial resolution (250—1000 m) [King et al.,
1999]. It provides separate aerosol optical depths for the
fine mode and the coarse mode, and applies a new “dark-
target” method to obtain aerosol properties with unprece-
dented accuracy, even over vegetated lands [Kaufman et al.,
1997]. However, difficulty with highly reflective arid and
snow-covered land introduces large uncertainties and gaps
in global or regional coverage that must be filled by some
other means.

[4] This study aims to develop an annual cycle of
aerosol optical depth with complete global coverage and
reasonable accuracy for studies of aerosol induced environ-
mental changes on global or regional scale. For this,
aerosol simulations from the Georgia Tech/Goddard Global
Ozone Chemistry Aerosol Radiation and Transport
(GOCART) model [Chin et al., 2002] are combined with
the MODIS retrievals [Kaufiman et al., 1997; Tanre et al.,
1997]. Both the retrievals and simulations have significant
uncertainties, so they are combined by optimum interpo-
lation using an approach similar to that developed for the
Indian Ocean Experiment (INDOEX) study [Collins et al.,
20017.

[s] Section 2 gives an overview of aerosol data and
modeling and a description of the assimilation approach.
The geographical patterns and annual variations of assimi-
lated aerosol optical depth are described in section 3, and in
section 4, evaluated against Sun photometer measurements
from ground-based Aerosol Robotic Network (AERONET)
[Holben et al., 2001] and compared with the two-channel
AVHRR aerosol climatology [Mishchenko et al., 1999;
Geogdzhayev et al., 2002] (M. 1. Mishchenko et al., Aerosol
retrievals from AVHRR radiances: Effects of particle non-
sphericity and absorption and an updated long-term global
climatology of aerosol properties, submitted to Journal of
Quantitative Spectroscopy and Radiative Transfer, 2002,
hereinafter referred to as Mishchenko et al., submitted
manuscript, 2002). Uncertainties of the aerosol assimilation
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resulting from assumptions are addressed in section 5 and
major conclusions are summarized in section 6.

2. Description of Aerosol Data, Model, and
Assimilation Approach
2.1. Aerosol Data and Simulations

2.1.1. MODIS Retrievals

[6] The MODIS instrument onboard the EOS Terra
satellite, has been acquiring modest resolution, spectral
measurements of aerosol properties over both land and
ocean with near daily global coverage since late February
2000 [King et al., 1999]. Terra passes over at 1000—1130
local time. The data have been extensively validated.
Prelaunched and postlaunched MODIS aerosol validations
show an unprecedentedly high accuracy with uncertainty of
+0.05 £+ 0.207 for optical depth over land and +0.03 + 0.057
over ocean [Kaufman et al., 1997; Tanre et al., 1997; Chu et
al., 2002; Remer et al., 2002]. This study uses monthly
aerosol optical depths at 550 nm for the period from
November 2000 to October 2001. The aerosol retrievals
are gridded onto a 1° x 1° mesh and mapped into the
GOCART 2.5° x 2.0° grid.
2.1.2.  GOCART Simulations

[7] The GOCART is a global three-dimensional chem-
istry-transport model, integrated on a mesh of 2.5° in
longitude by 2° in latitude and with 30 layers in the
vertical. It is driven by the assimilated meteorological
fields from the Goddard Earth Observing System Data
Assimilation System (GEOS DAS) [Chin et al., 2000a].
Emissions include sulfate precursors (SO, and dimethyl-
sulfide), organic carbon, black carbon, size-resolvable
mineral dusts and sea-salt particles. Within the GOCART,
aerosol particles and their precursors undergo advection,
turbulent mixing, moist convection, dry deposition, wet
removal, and chemical transformation [Chin et al., 2000a,
2000b, 2002; Ginoux et al., 2001]. Concentrations of
aerosol components are calculated and the aerosol optical
depth at 550 nm is derived for an external mixture of the
individual components [Chin et al., 2002]. A comparative
study [Chin et al., 2002] has shown that the GOCART
model captures most of the prominent features of geo-
graphical and temporal variations of aerosol optical depths
as observed by the TOMS and AVHRR, with no known
overall biases compared to the satellite retrievals and
AERONET Sun photometer measurements [Chin et al.,
2002]. In this study, the monthly averaged GOCART
model results from November 2000 to October 2001 are
used, the same time period as the MODIS data used here.
2.1.3. AERONET Measurements

[s] The AERONET program is an inclusive federation of
ground-based aerosol network equipped well-calibrated
Sun photometers, established and maintained by interna-
tional agencies, institutes, and universities, and composed
of more than 100 field sites around the world [Holben et
al., 1998]. It provides relatively long-term spectral proper-
ties of aerosols for both process studies and aerosol
validations [e.g., Holben et al., 2001; Chin et al., 2002;
Chu et al., 2002; Dubovik et al., 2002]. Its archived
quality-assured monthly aerosol optical depths and Ang-
strom exponents are used in this study to examine the
aerosol assimilation over land.
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2.1.4. AVHRR Two-Channel Retrievals

[9] The AVHRR flown on a series of NOAA polar
orbiting satellites since 1978 provides an aerosol climatol-
ogy over the global oceans [Husar et al., 1997]. Its early
one-channel aerosol retrievals had significant uncertainties
and/or biases because of the inadequacy of simplified
aerosol models for characterizing strong temporal and
spatial variability of tropospheric aerosols [Ignatov et al.,
1995]. Recently several two-channel retrieval algorithms
have been developed to improve the accuracy and reduce
the bias of AVHRR acrosol retrievals [Higurashi and
Nakajima, 1999; Mishchenko et al., 1999; Geogdzhayev et
al., 2002]. The 1985-1999 AVHRR climatology (Mis-
hchenko et al., submitted manuscript, 2002) is used here.
Subsequent years have not yet been retrieved. Although not
obtained for the same time period as the MODIS and
GOCART aerosols, thus not ideal for a quantitative evalua-
tion, these aerosols are helpful for interpreting the MODIS—
GOCART discrepancies. Large effects of the Pinatubo
eruptions are removed here by subtracting stratospheric
aerosol optical depths [Sato et al., 1993] from the 1991—
1993 AVHRR retrievals.

2.1.5. Intercomparisons and Discussion

[10] Figure 1 shows correlations of MODIS retrievals and
GOCART simulations with about 400 concurrent monthly
observations at about 70 AERONET sites from November
2000 to October 2001. The MODIS retrievals and
GOCART simulations have the same resolution of 2.5° x
2°. The dotted line represents a 1:1 relationship. The
AERONET measurements were chosen only when the
MODIS retrievals are available. The correlation coefficient
with respect to AERONET measurements is 0.54 and 0.61
for MODIS and GOCART, respectively. At low optical
depths, those from GOCART have no systematic bias
compared to AERONET data, but the MODIS values have
a high bias. This bias was found in previous MODIS
validations and possibly explained by large residuals from
surface contributions or instrument signal-to-noise issues
[Chu et al., 2002; Remer et al., 2002]. At large optical
depths (e.g., T > 0.4), however, AERONET has a high bias,
at least partially associated with the regional siting of
AERONET measurements. We find that the AERONET
sites with a T greater than 0.4 are usually close to source
regions. Some such sites are situated in cities (e.g., Beijing,
Xianghe, Mexico City, Philadelphia, and GSFC) or on
islands (e.g., NCU-Taiwan, Shirahama, Okinawa, and
Noto). When the 10 x 10 km MODIS data for April
2001 is averaged over different sized boxes centered at
the AERONET sites (e.g., Beijing, Xianghe, NCU-Taiwan,
and Okinawa), these spatially averaged aerosol optical
depths decrease consistently with an increasing averaging
area (from 0.4° x 0.4° to 2.4° x 2.4°). In particular, the
aerosol optical depth averaged over a 0.4° x 0.4° box is
28-54% higher than that averaged over a 2.4° x 2.4° box.
Evidently, the AERONET measurements in these locations
should show larger values of aerosol optical depth than
those of the surrounding regions.

[11] The different data sets are inconsistent in other ways.
The monthly GOCART aerosol is an ensemble of all
conditions, covering daytime and nighttime, clear-sky and
cloudy-sky, but the composite optical depths from MODIS
and AERONET are for clear-sky only, either around noon-
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Figure 1. Correlation of (a) MODIS and (b) GOCART

monthly aerosol optical depths with the AERONET
measurements from November 2000 to October 2001. The
dotted line represents a 1:1 relationship.

time (MODIS) or for a spectrum of daylight hours (AERO-
NET). Diurnal variations of aerosols may be significant in
some places, due to a combination of variations of emis-
sions, meteorological processes (especially wind and mois-
ture), and photochemical reactions. Nevertheless, the
MODIS measurements on Terra on average well represent
the daily aerosols [Kaufman et al., 2000]. Clouds can act as
either a source of aerosols through in-cloud aqueous pro-
duction and near-cloud particle nucleation, or as a sink of
aerosols through scavenging and rainout. Through water
uptake, particles and hence their extinction can be larger
under cloudy than clear sky. The net effect of clouds would
be either positive or negative and is scenario dependent
[Hegg, 2001]. Therefore, this study neglects potential biases
resulted from aerosol diurnal variations and cloud pro-
cesses. Finally, both satellite and surface networks measure
the composite of tropospheric and stratospheric aerosols.
Although not calculated by GOCART, the optical depth of
stratospheric background aerosols is much smaller than that
of tropospheric aerosols [Safo et al., 1993] and will not
contribute significantly to major differences between obser-
vation and simulation.

2.2. Approach of Aerosol Assimilation

[12] The goal of data assimilation or objective analysis is
to minimize the misfit between individual descriptions (e.g.,
modeling and satellite remote sensing) and to form an
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optimal estimate of states of the system (e.g., aerosol optical
depth), by combining them with weights inversely propor-
tional to the square of errors for individual descriptions
[e.g., Lorenc, 1986]. This study uses such an optimum
interpolation approach with the Kalman—Bucy filter that
has been previously applied to assimilations of trace gases
[Levelt et al., 1998; Khattatov et al., 1999, 2000; Lamarque
et al., 1999] and aerosols [Collins et al., 2001; Rasch et al.,
2001]. The assimilation package obtained from http://
www.acd.ucar.edu/boris/ (courtesy Dr. Boris Khattatov of
NCAR) is adapted to diagnostically derive global distribu-
tions of monthly aerosol optical depth from archived
MODIS retrievals and GOCART simulations.

[13] Ideally, the assimilation approach requires unbiased
observations and simulations. The MODIS retrievals may
have been biased in specific regions or everywhere from
cloud contamination and/or unrealistic aecrosol models, and
over oceans from glint and whitecap effects. Modeling
biases may result from uncertainties in estimated emissions
and aerosol processes and their simplified parameteriza-
tions. However, such biases can not currently be quantified
or removed. Statistical parameters characterizing the mag-
nitude and propagation of uncertainties are needed for the
aerosol assimilation, including fractional error coefficients
(f), minimum root-mean-square (RMS) errors (€), and
correlation lengths (L). At a single point, the parameter
used to weight the relative contributions of the MODIS
and GOCART products is their error variances, i.c., e +
(fr)®. The correlation of errors between two points is
assumed to be a Gaussian function with a characteristic
scale of L.

[14] Table 1 specifies values of these parameters for the
standard assimilation. For MODIS optical depth, f and e,
depending on land and ocean, are determined on the basis of
MODIS validations (see section 2.1.1) [Kaufman et al.,
1997; Tanre et al., 1997, Chu et al., 2002; Remer et al.,
2002]. MODIS is a nadir-pointing satellite instrument with
an instantaneous field-of-view of 250-500 m. To first
approximation, we assume that errors in the retrieval for
adjacent pixels are not correlated, i.e., L,,; = 0 km. We set
L,.0¢ = 200 km, based on the data analysis of the Lidar In-
Space Technology Experiment (LITE) [Charlson, 2000]. As
such, for a separation of about 3L,,,, between two grids, the
model errors are correlated by only 0.1. The agreement
between GOCART and AERONET products is generally
within a factor of 2, as shown in Figure 1 [Chin et al.,
2002]. However, a stringent derivation of GOCART error
parameters remains a complicated issue. In this study we
assume zero RMS error and the fractional error coefficient
of 0.5 for GOCART optical depth on the global basis. The
somewhat arbitrary assumption that the minimum RMS
errors of modeling are negligible (e.g., €,,s = 0) will
generally result in a smaller variance and hence a larger
weight given to model simulations in remote pristine areas,
compared to the MODIS aerosol measurements, though f,,,,4
is much larger than f,;,. In regions without MODIS retriev-
als, the assimilation is determined entirely by the GOCART
simulations. Elsewhere, the MODIS retrievals usually take a
larger weight than the GOCART simulations. These param-
eters may vary geographically. Sensitivity tests are per-
formed in section 5 to examine potential impacts of such
uncertainties on the aerosol assimilation. In all these sensi-
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Table 1. Free Parameters Assigned in the Standard Aerosol

Assimilation
Variable Symbol Value
Fractional error frnod 0.5
coefficient in model T
Fractional error s 0.20 (land)
coefficient in observational T 0.05 (ocean)
Minimum RMS error Emod 0.0
in model T
Minimum RMS error in Eobs 0.05 (land)
observational T 0.03 (ocean)
Horizontal correlation length for Lioa 200 km
errors in model T
Horizontal correlation length for Lobs 0 km

errors in observation T

tivity tests, the uncertainty for aerosol optical depth is
measured as a relative difference, which is defined as

Relative difference(%) = {M - 1] 100% (1)

Tstandard

where Tyandara and Tgensinivizy denotes the assimilated aerosol
optical depth for standard assimilation and sensitivity test,
respectively.

[15] Clearly use of all the 10 km MODIS aerosol retriev-
als over the globe would require a large amount of CPU
time and memory and is currently impractical. As a com-
promise between reasonable computational efficiency and
adequate spatial resolution, the 2.5° x 2° MODIS data are
used for the Northern Hemisphere and source/outflow
regions in the Southern Hemisphere where the gradient of
7 is usually large. For other regions with a relatively small
gradient of 7, only every other data point is used. This
assumption introduces an uncertainty of at most 15% in the
aerosol optical depth in limited areas but reduces the CPU
time by about a factor of 3, compared to that of using full
2.5° x 2° MODIS data globally.

3. The Annual Cycle of Global Aerosol Optical
Depth

[16] The monthly averages of GOCART simulations are
combined with the MODIS monthly aerosol optical depth
from November 2000 to October 2001. The assimilated
annual cycle of global aerosol optical depth is shown in
Figure 2. The geographical patterns and seasonal variations
of aerosol optical depth are as follows:

1. North Africa. The acrosol optical depth in North Africa
is among the highest in the world throughout the year, a
combined effect of biomass burning near the equator and dust
outbreaks in the Saharan deserts. The burning of tropical
savannas emits a large amount of carbonaceous aerosols
during winter and spring, elevating the aerosol optical depth
to more than 0.4 over tropical Africa near the west coast, and
to more than 0.2 over the whole tropical Atlantic. The
relatively high values up to 1 and large extent extending
southward in January and February, are consistent with the
seasonality of biomass burning in the region [Delmas et al.,
1991]. When dust outbreaks occur from the Saharan deserts
starting in the spring [7orres et al., 2002], the aerosol optical
depth in northern Africa is elevated substantially. These large
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Figure 2. Assimilated annual cycle of aerosol optical depths at 550 nm based on MODIS retrievals and
GOCART simulations from November 2000 to October 2001. See color version of this figure at back of this

issue.

dust outbreaks extend as far as the tropical Atlantic, the
southeast of North America, and the Arabian Sea.

2. East Asia and North Pacific. East Asia also has very
high aerosol loading throughout the year, with the largest
values of as much as 0.8 in eastern China in the spring. In
northwestern China and Mongolia where mineral dusts
originate, especially in spring, aerosol optical depths are
relatively large. These springtime maxima in China are
attributed to these dust outbreaks and also biomass burning
from the southeast [Herman et al., 1997, Torres et al., 2002].
The Tibet Plateau is one of most pristine land areas in the
world, with the aerosol optical depth of less than 0.1 in
general. In the spring and early summer, aerosols and other

air pollutants from East Asia are readily pumped up to high
altitudes by intense frontal activities, and transported rapidly
by the westerlies over the North Pacific and North America
[e.g., Merrill, 1989; Jacob et al., 1999; Jeff et al., 1999].
Over the North Pacific, the aerosol optical depth reaches its
maximum in spring and minimum in autumn, consistent with
the seasonal variations detected by the AVHRR [Husar et al.,
1997]. The extremely large aerosol optical depth in the
spring (e.g., more than 0.4 over the whole North Pacific in
April) are further discussed in the next section.

3. West and South Asia. From March to September, the
aerosol optical depth is more than 0.2. In spring, an aerosol
optical depth of about 0.4 occurs over the Indian



AAC 14 -6

0.25

0.20

AOD
(@]
—
9]

T

Figure 3. Monthly variations of the assimilated aerosol
optical depths averaged over globe (GL), Northern Hemi-
sphere (NH), Southern Hemisphere (SH), land (L), and
ocean (O).

subcontinent consistent with previous studies [e.g., Collins
et al.,2001] and in some other scattered areas. The transport
of anthropogenic pollution by the winter monsoon from
India to the Arabian Sea, leads to a large N-S contrast in the
Indian Ocean. From June to August, acrosol optical depths
are as high as 0.9 in the Arabian Sea, resulting from mineral
dusts from Africa, the Arabian peninsula, and probably
northern India. Similarly large values are also detected by
AVHRR [Husar et al., 1997] and TOMS [Torres et al.,
2002].

4. North America and Europe. The aerosol optical depth
in eastern U.S. is about 0.2—0.4 in summer and spring
months, and a factor of 2 smaller in winter months, a
seasonality consistent with surface measurements in the
region [e.g., Malm et al., 1999]. In western U.S., the aerosol
optical depth is mostly in the range of 0.1-0.2, but larger in
April when Asian pollutants and dusts reach the continent
from the North Pacific [Jeff et al., 1999]. The aerosol loading
over North America is on average more than a factor of 2
lower than that over China. Eastern Canada has a much
larger aerosol optical depth in springtime (about 0.4) than in
other seasons. The GOCART model simulates a factor of 2
smaller aerosol optical depth in this region than that from
MODIS, with a major contribution from sulfate and minor
contributions from sea-salt and dust. Forest fires are unlikely
a reason for such large optical depths, as confirmed by the
absence of absorbing aerosols in TOMS retrievals and small
Angstrom exponent (less than 0.5) detected by MODIS.
Asian dusts made small but detectable contributions in
eastern North America [Thulasiraman et al., 2002] and
evidently are not a major reason for this. Further investiga-
tion is needed to sort out sources of such large optical depths.
The aerosol optical depth over Europe is comparable to that
over eastern US, except in the former USSR where the
aerosol optical depth is larger, especially in spring.

5. Southern Hemisphere. Aerosol optical depths are
lower than 0.2 in the Southern Hemisphere, except from
June to October in South Africa and South America,
corresponding to the peak of biomass burning and dry
season in these regions [Husar et al., 1997; Torres et al.,
2002]. For the period examined, the optical depths in South
Africa are larger than those in South America. In August—
October, biomass burning can be also active in Indonesia
and tropical Australia. However, the aerosol optical depth in
2001 is not as large as that during the 1997 autumn biomass
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Figure 4. Correlation of the assimilated aerosol optical
depths with the AERONET measurements from November
2000 to October 2001. The dotted line represents a 1:1
relationship.

burning during a large El Nifio event [Nakajima et al.,
1999]. The aerosol optical depth over most of the Southern
Hemispheric oceans and over Antarctica are among the
lowest (less than 0.05) in the world, except over the tropical/
subtropical Atlantic Ocean where significant impacts of
biomass burning from South Africa and South America
occur in August—October, and over the 40°—60°S “‘roaring
forties” band. The large aerosol optical depth in these
latitudes is attributable to the large sea-salt production [e.g.,
Chin et al., 2002] and also to possible contamination of the
satellite measurements by whitecaps [Higurashi and
Nakajima, 1999] and Sun glint (Kaufman, personal
communication), both a result of the high winds.

[17] Figure 3 shows monthly variations of aerosol optical
depths averaged over both hemispheres and the globe, land,
and ocean. The annual mean of global aerosol optical depth
is 0.134, ranging from 0.16 in April to about 0.12 in
November. The average acrosol optical depths over the
Northern Hemisphere and land have a larger seasonal
variation than the global average, reaching its maximum

Figure 5. Locations of 12 near-desert AERONET sites in
North Africa and West/Central Asia.
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of about 0.23 in April and dropping to about 0.15 in
Northern Hemispheric winter months. In the Southern
Hemisphere, the aerosol optical depth is less than 0.1 before
August and the largest aerosol optical depths occur in
September and October when biomass burning is most
intense. The aerosol optical depth over the oceans has a
monthly variation similar to that of the global average.

4. Evaluation of the Aerosol Assimilation

[18] Figure 4 shows the correlation between the assimi-
lated aerosol optical depths and the AERONET measure-
ments corresponding to those in Figure 1. Overall, the
combined data are better correlated with the AERONET
measurements (a correlation coefficient of 0.71) than are
either alone (see Figure 1). For low aerosol loading, the
assimilation reduces most of extremely high biases in the
MODIS data. At high loading, the AERONET T is still
higher, at least partially a result of the AERONET data
being sampled in areas of urban maxima, as discussed
earlier. Ichoku et al. [2002] used the MODIS 10 x 10 km

optical depths to examine spatial variations of aerosols for
several periods and locations, showing a small window-size
dependence of area averages and no specific trend. Further
investigation is needed to fully assess how the spatial
variation and other sampling issues affect the correlation,
which is beyond the scope of this study.

[19] The filling of missing MODIS data in arid and
semiarid lands with model simulations is examined in
terms of the annual cycle of aerosol assimilation for 12
near-desert AERONET stations in North Africa and West/
Central Asia at locations shown in Figure 5. Figure 6
compares the annual cycle of GOCART and assimilated
aerosol optical depth with the AERONET aerosol clima-
tology (from 1993 onward with site-dependent durations)
at these sites. The AERONET aerosol climatology is
substituted for its incomplete annual cycle during 2001.
The assimilation adequately reproduces the AERONET
observed annual cycle. In regions of tropical Africa
affected by both biomass burning and desert dust (sites
2-6, 9, and 11), the assimilated optical depths are gen-
erally smaller than those from the AERONET measure-
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Figure 7. Illustration of 10 land regions (L1-L10) and 10
ocean regions (O1-010) selected for regional comparisons
of aerosol optical depths.

ments during the biomass burning season. On the other
hand, for the Dalanzadgad and Sede Boker sites, the
assimilated aerosol optical depths are significantly larger
than those in the AERONET measurements for most
months. Possible explanations for these differences include
the interannual variability of biomass burning and dust
outbreaks, potential biases resulting from local AERONET
measurements not being regionally representative, and the
model’s underestimate of biomass burning but overesti-
mate of dusts.

[20] To further assess the aerosol assimilation process, we
compare the MODIS, GOCART, and assimilated aerosol
optical depths for 10 land regions (numbering from L1 to
L10) and 10 ocean regions (numbering from O1 to O10) as
depicted in Figure 7. Figure 8 compares annual cycles of
acrosol optical depths in the land regions, with the assimi-
lated, MODIS, and GOCART aerosol optical depth denoted
as solid, dotted, and dashed line, respectively. For the
Saharan deserts (L4) and West/Central Asia (L6), MODIS
retrievals are too scarce to give a regional average and
hence are excluded from the plots. The assimilated aerosol
optical depth in such regions generally follows the
GOCART simulations. The well-defined summer peak in
L4 agrees with that of previous studies [e.g., Torres et al.,
2002]. In North America (L1 and L2), the assimilated
aerosol optical depth is generally close to that found by
the MODIS retrieval but higher than that of the GOCART
simulation. In western Europe (L3), the three data sets are in
good agreement except for late spring and fall when the
GOCART simulations are about 40% higher than the
MODIS retrievals. In near-equatorial North Africa (L5)
where both biomass burning and dust outbreaks contribute,
the MODIS retrievals are generally higher than the
GOCART simulations during the biomass burning season,
but lower during the dust outbreaks. In East Asia (L7), the
MODIS retrievals are 50—100% higher than the GOCART
simulations from November to April, but the two match
well in other months. Over land in the Southern Hemisphere
(L8-L10), the MODIS retrievals are higher than the
GOCART simulations by as much as a factor of 2, except
during the biomass burning season over South Africa (L9)
and South America (L8).

[21] Figure 9 shows a similar comparison for the ocean
regions. The two-channel AVHRR aerosol optical depths at
550 nm are included, with the average denoted by dots and
the observed range as vertical bars. Different data sets show
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similar monthly variations in all regions. The assimilated
aerosol optical depth is generally in good agreement with
the AVHRR retrievals over most oceans in the Northern
Hemisphere (02—06) and over the South Atlantic (O9).
Large discrepancies exist in the North Pacific (O1 and O7)
and the remote South Pacific and South Indian Oceans (O8
and 010).

[22] Over the Northwest Pacific (O7) in spring and early
summer, the MODIS aerosol optical depth is higher by a
factor of 2 or so than are the model simulations and the
AVHRR aerosol climatology. The same occurs in the
Northeast Pacific (O1) in the spring. Although differences
among retrieval algorithms may contribute, we propose that
a major contribution would be from the extremely active
transcontinental transport of Asian dust storms and pollu-
tants in the spring of 2001. The GOCART may have
underpredicted these events, although it has captured the
AVHRR aerosol climatology very well. Meteorological
conditions in spring are favorable for generating dust storms
and for the fast eastward movement of large volumes of
Asian air mass across the North Pacific [Merrill, 1989]. For
example, well-documented intense dust storms and long-
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Figure 8. Comparisons of the assimilated (solid lines),
MODIS (dotted lines), and GOCART (dashed lines) annual
cycle of acrosol optical depths in 10 land regions (L1—-L10).
The label of x axis N, D, J, ..., S, and O denotes the month
of November, December, January, ..., September, and
October, respectively.
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Figure 9. Comparisons of the assimilated (solid lines),
MODIS (dotted lines), GOCART (dashed lines), and
AVHRR (dots for average and vertical bars for the range)
annual cycle of aerosol optical depths in 10 ocean regions
(O1-010). The label of x axis N, D, J, ..., S, and O denotes
the month of November, December, January, ..., September,
and October, respectively.

range transport occurred in April 1998 [Husar et al., 2001].
Interannual variations of meteorology and hence of the
uplifting of dusts and their intercontinnetal transport could
be considerable [Merrill, 1989]. In fact, the Sea-viewing
Wide Field-of-view Sensor (SeaWiFS) images showed
unusually large and long-lasting dust clouds in April 2001
(NASA science news, 17 May 2001 at http://science.nasa.
gov/headlines/). Dusts lifted by strong winds from the Gobi
and Taklamakan deserts early in the month traveled very far
eastward, drifting across the North Pacific, traversing North
America and even reaching the mid-Atlantic late in the
month. The unusual intensity and extent of the dust events
are substantiated by the TOMS absorbing aerosol index data
(ftp://toms.gsfc.nasa.gov/aerosols/aerosols.html) [Herman
et al., 1997; Torres et al., 1998]. Figure 10 compares the
composite of TOMS aerosol index for April between 2001
and 1998 in North Pacific Ocean. The composite aerosol
index is averaged in regions where values greater than 0.4
have occurred for more than 5 days. Note that dust aerosol
optical depth is proportional to the TOMS absorbing aerosol
index. In April 2001, the whole North Pacific was blanketed
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with dust plumes, showing very small zonal variations. The
dust storms in 2001 were more intense and dust was
transported across the North Pacific for a much longer
distance than occurred in the 1998 dust storm. There are
three open-ocean AERONET sites at the south edge of
intercontinental transport corridor detected by MODIS:
Midway Island, 28°N, 177°W; Lanai, 20°N, 156°W; Coco-
nut Island, 21°N, 157°W. The respective aerosol optical
depths of 0.21, 0.11, and 0.12 at these sites also show good
agreement with the MODIS retrievals.

[23] Over the remote South Pacific and South Indian
Oceans (O8 and O10), the two satellite retrievals match
very well, both being a factor of 2 higher than the GOCART
simulations. In this context, GOCART behaves in a similar
way to other global aerosol models examined by Penner et
al. [2002]. Such discrepancies may be attributed to the
uncertainties associated with both satellite retrievals and
model simulations. Satellite retrievals still have difficulties
in cloud screening and elimination of glint effects. The
boxes O8 and O10 have close to the strongest surface winds
in the Southern Hemisphere, as confirmed by the NCEP/
NCAR reanalysis. The resultant whitecaps may have also

(a) April, 2001

04 06 08 10 1.2 14 1.6 1.8 20

Figure 10. TOMS absorbing aerosol index for April in (a)
2001 and (b) 1998. The composite of aerosol index shown
here is averaged in regions where values greater than 0.4
have occurred for more than 5 days.
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Figure 11. Distributions of (a) the MODIS/GOCART ratio
for aerosol optical depth and (b) the fractional contribution
of MODIS optical depth in the assimilation in East Asia for
February 2001.

interfered with the MODIS retrievals. MODIS validations
have shown relatively large uncertainties in remote areas
[Remer et al., 2002]. Model errors could also contribute to
these large discrepancies. Anthropogenic emissions in the
Indian subcontinent in 2001 are much higher than the 1990
or late 1980s emissions used in the GOCART model [Chin
et al., 2002]. This bias in emissions may partially explain
the lower GOCART simulations over the tropical South
Indian Ocean. Penner et al. [2002] speculated a missing
non-sea-salt open-ocean source, and/or too low biomass
burning emissions and DMS fluxes. It appears that uncer-
tainties in biomass burning emissions are unlikely a reason
for the discrepancies in these regions because they have no
significant seasonal variations. The GOCART DMS results
also compare quite well with the observations over the
tropical Pacific [Chin et al., 2000b], suggesting that the
DMS flux would not be a major issue. The assimilated
aerosol optical depths generally follow those simulated by
the model in these remote oceans, a consequence of the
assumed error parameters for model simulations as dis-
cussed earlier. The weight of MODIS optical depth and
hence the assimilated optical depth increase with increasing
fractional error of GOCART optical depth. Sensitivity tests
show that, for a factor of 2 and 4 increase of fractional error
coefficient (f,,,,4), the assimilated optical depths increase by
about 20% and 40% respectively, but are still much smaller
than the satellite retrievals. Evidently, uncertainties associ-
ated with the estimate of modeling errors are unlikely to
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fully explain the large differences between the assimilation
and the AVHRR climatology.

5. Sensitivity to Assimilation Parameters

[24] Tests for East Asia (10°—55°N, 80°—150°E) examine
the sensitivity of aerosol assimilation to the variation of
assimilation parameters in Table 1. Figure 11 shows (a) the
ratio of MODIS to GOCART aerosol optical depth and (b)
the fractional contribution of MODIS T in the standard
assimilation for February 2001. MODIS retrievals are largely
absent in western and part of northern China, and Mongolia,
due to high surface reflection and/or persistent presence of
clouds. Except in Laos and Thailand where the ratio of
MODIS to GOCART optical depth is about 0.5, the MODIS
aerosol optical depth is higher than that of the GOCART
simulations. There is a belt with a MODIS/GOCART ratio of
more than 2, which is close to the boundary of MODIS
retrieval inclusion and extends from northeast of the domain
down to northern India. In this belt and also the tropical
Pacific, MODIS and GOCART make comparable contribu-
tions in the assimilation. The variance or relative weight of
each product changes with statistical parameters, resulting in
a change in the assimilation depending on the MODIS—
GOCART discrepancies and the fractional contribution of
each product. In the belt discussed above, a change of relative
weight in combination with the large MODIS—GOCART
discrepancies would give rise to a significant change in the
assimilation. The term “sensitive belt” will be applied to
such regions. For a small MODIS—GOCART difference, the
change of relative weight will not significantly change the
assimilation. In fact, no changes in the assimilation would
occur where the two products are equal. When the assimi-
lated optical depths are predominated by either MODIS or
GOCART contributions, a change of variance or weight
would not significantly change the relative contributions of
individual products and hence the assimilation.

[25] Figure 12 shows the relative difference in the assimi-
lated T due to a factor of 2 decrease of the MODIS fractional
error coefficient (f,,,). Decreases of f,;,; from 0.2 (land) and
0.05 (ocean) to 0.1 and 0.025, respectively, bring the
assimilated aerosol optical depths somewhat closer to the
MODIS observations (a positive relative difference), because

-20

Figure 12. Relative differences (%) of the assimilated
aerosol optical depth in East Asia for February 2001 by
halving the fractional error of the MODIS aerosol optical
depth (fobs)-
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Figure 13. Distributions of GOCART optical depth
variances (% 100) with f,,,,;, = 0.5 in East Asia for February
2001.
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of the better accuracy and hence the larger weight given to
the MODIS T in the assimilation. Conversely, the optical
depths shift toward those of the GOCART simulations
when f,,, is doubled (not shown). In wide arecas where
either MODIS or GOCART dominates, such a change of
f,,, does not significantly alter the relative contributions of
MODIS and GOCART, introducing a difference of less than
5% in comparison to the standard assimilation. However,
large relative difference of up to 30% occur in the “sensi-
tive belt,” because of comparable contributions by MODIS
and GOCART and large MODIS-GOCART differences.
The assimilation in the tropical Pacific is not sensitive to
f,s, though the MODIS and GOCART have relatively large
differences and make comparable contributions to the
assimilation. In this region, the MODIS optical depth is
about 0.15 and according to Table 1, the weight or variance
of MODIS optical depth is largely determined by the RMS
error other than the fractional error.

[26] The differences due to the decrease (increase) of f,,,,4
correspond to that due to the increase (decrease) of f,,,
respectively. For a factor of 2 decrease (from 0.50 to 0.25)
or increase (from 0.50 to 1.0) in f,,,,, the resultant percent-
age change is within 5% in wide areas but is up to about
30% in the “sensitive belt.”” In addition, the tropical Pacific
also has a relatively large sensitivity to f,,,4, different from
the sensitivity to f,;,. A change of the minimum RMS error
in MODIS T (e,p,) generally affects the assimilated T by less
than 5%. The largest uncertainty of about 15% occurs in the
same ‘“‘sensitive belt.”

[27] The assimilation changes with L,,,, depending on the
spatial pattern of GOCART variances as shown in Figure 13,
in addition to the MODIS—GOCART difference and their
fractional contributions. The larger the value and gradient
of variances, the larger the sensitivity to L,,, is. Figure 14
depicts the relative difference in the assimilated aerosol
fields that result from halving the L,,. In the “sensitive
belt,” a factor of 2 decrease of L,,, increases the relative
weight of GOCART to MODIS product and hence reduces
the assimilation by 20—40% because the GOCART T is
about a factor of 2 smaller than the MODIS 7 (Figure 11a).
Although the GOCART contribution is small (about 10%)
in Laos and Thailand, the considerably large values and
gradients of variances result in a larger weight of GOCART
7 and up to 50% increase in the assimilation when reducing
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the L,,.. In other regions, the relative difference is generally
within 20%. A factor of 2 increase of L,,, gives a similar
pattern to that in Figure 14 but with reversal of signs.

6. Concluding Remarks

[28] An optimum interpolation approach with Kalman
filter has been applied to combine MODIS retrievals with
GOCART simulations, hence generating an annual cycle of
global aerosol optical depths at 550 nm for the period from
November 2000 to October 2001.These aerosol optical
depths have been evaluated against a large number of
AERONET measurements over land and compared with
the AVHRR aerosol climatology over ocean.

[20] The aerosol data set so generated captures the prom-
inent features of geographical patterns and seasonal varia-
tions of aerosols as observed in previous studies. Among the
highest aerosol loading regions are North Africa and East
Asia, where biomass burning, industrial activities and/or
dust outbreaks contribute. The large amount of aerosols
imported from these regions to the tropical and subtropical
Atlantic, and to the North Pacific, have significant and far-
reaching impacts. The smallest aerosol optical depth occurs
mainly over the South Pacific Ocean, the South Indian
Ocean, Antarctica, the Tibetan Plateau, and Greenland.
Pronounced seasonal variations include occurrence of dust
storms in spring and summer in the Saharan desert and
Arabian Peninsula, frequent spring dust outbreaks in north-
ern China, springtime long-range transport of Asian aero-
sols over the North Pacific, and active biomass burning
from July to October in the Southern Hemisphere.

[30] The assimilated aerosol optical depths are better
correlated with the AERONET measurements than are
either the MODIS retrievals or GOCART simulations alone.
The coverage gap of MODIS retrievals in arid/semiarid
lands is filled in with values that are generally consistent
with the AERONET climatology. Over the oceans, the
assimilation adequately reproduces the seasonal variations
of AVHRR aerosol climatology, and over the Atlantic and
North Indian Oceans, are in good agreement with the
AVHRR climatology. However, over the North Pacific,
the assimilated optical depth in the spring and early summer
is much larger than that of the AVHRR climatology,
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Figure 14. Relative differences (%) of the assimilated
aerosol optical depth in East Asia for February 2001 by
halving the horizontal correlation length for the error of
GOCART aerosol optical depth (L,,,,).
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apparently primarily due to the occurrence of extremely
intense and long-range transport of Asian dusts in 2001. In
addition, the modeled and assimilated aerosol optical depths
are much lower than those from the satellite retrievals over
the South Pacific and South Indian Oceans. These differ-
ences may suggest an underestimation by the model in those
regions, or overestimation by the satellite retrievals due to
cloud, whitecap, and glint contamination, and a need of
more realistic specification of error parameters.

[31] The assimilation is highly sensitive to the statistical
parameters in regions where MODIS—-GOCART discrep-
ancies are large and the MODIS and GOCART contribu-
tions are comparable. Changes of up to 30—50% resulting
from a factor of 2 change in the statistical parameters,
suggests comparable levels of uncertainty. The uncertainties
and/or biases associated with individual data sets will
decrease with improved representation of aerosol processes
in models, new satellite retrieval algorithms, and better
estimates of statistical parameters. How to quantify and
remove potential biases in the retrievals and simulations
remains an open issue.
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Figure 2. Assimilated annual cycle of aerosol optical depths at 550 nm based on MODIS retrievals and
GOCART simulations from November 2000 to October 2001.
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